A laboratory apparatus has been developed and used to infer the sound speed and density contrasts of live zooplankton. The sound speed contrast is determined from acoustic measurements of travel time (time-of-flight) and from the resistivity measurements of volume fraction. The density can then be inferred by applying the phasecompensated distorted wave born approximation (DWBA) model based on the attenuation measurement. For the decapod shrimp (Palaemonetes vulgaris), the inferred sound speed contrast found by using three different methods, namely the two-phase ray model (time average), the compressibility model (Wood's equation), and the DWBA model (scattering theory), is quite consistent, while the inferred density contrast agrees with the measured density reasonably well. The influence of ambient pressure on the sound speed and density contrasts has also been measured using a pressure vessel. The results indicate that the density contrast remains essentially unchanged under different pressure, but the sound speed contrast increases about 2.0% with pressure changing from 0 dbar to about 350 dbar. Although this 2.0% change in sound speed contrast only causes a moderate change in estimating biomass for a decapod shrimp, it could cause a much larger bias for weaker scatterers with the same amount of change in sound speed contrast (up to 20 dB). The most important advantage of this newly developed material properties measuring system is its potential applicability to the in situ determination of acoustic properties of zooplankton.
Introduction
Conventional pump and net samplers can provide information on biomass, size distribution, patchiness, and time evolution of marine animals (Miller and Judkins, 1981; Frost and McCrone, 1974; Wiebe et al., 1976; Wiebe, 1988) . Although such information is crucial for understanding the marine planktonic ecosystems, these sample systems provide only discrete and sparse information, and the surveys are time consuming and relatively inefficient. In contrast, acoustic remote sensing techniques provide indirect measurements, but cover a much larger survey area/volume in a relatively shorter time period. Extensive applications involving acoustic techniques in zooplankton studies have been reported by various investigators over the past 20 years Pieper, 1980, 1995; Holliday et al., 1989; Stanton et al., 1987 Stanton et al., , 1993 Stanton et al., , 1994a Stanton et al., ,b, 1998a Foote et al., 1990a; Chu et al., 1992 Chu et al., , 1993 Greene et al., 1988 Greene et al., , 1991 Greene et al., , 1994 Wiebe and Greene, 1994; Wiebe et al., 1990 Wiebe et al., , 1996 Wiebe et al., , 1997 GLOBEC, 1991 GLOBEC, , 1993 .
Since acoustic methods are indirect measurements, scattering models are required to convert the directly measured acoustic quantities, such as volume scattering strength or target strength, to biological quantities such as abundance and biomass. Accurate conversion models are difficult to develop because of the complexities of the geometrical, physical, and environmental uncertainties associated with the scattering objects.
Acoustic scattering models for zooplankton have evolved from the simplest geometry involving spheres and infintely long cylinders (Anderson, 1950; Faran, 1951) to prolate spheroids (Yeh, 1967) , finite straight cylinders (Stanton, 1988) , finite deformed objects (Stanton, 1989; Ye et al., 1997) , and most recently to arbitrarily shaped weakly scattering objects (Stanton et al., 1998b) . All of these models have focused on the geometric aspect of the scattering model and have assumed the known material properties, i.e. sound speed and density contrasts (h and g). In many cases, values of g and h are adjusted within reasonable limits to fit the directly measured acoustic data. Wiebe et al. (1997) showed a diversity of results when choosing different modelling parameters g and h used by various investigators, where g varied from 1.007 to 1.12 and h varied from 1.0279 to 1.09. Contrary to the extensive studies of scattering models, material properties of zooplankton, g and h, have not been well investigated. There are only limited data of material properties of zooplankton reported in literature (Greenlaw, 1977; Kogeler et al., 1987; Foote, 1990b; Foote et al., 1996) , and all of these published data are exclusively based on the ex situ measurements mainly due to the difficulties of conducting the conventional measurements in situ. The reported material properties vary from 0.9862 to 1.0622 for g, and from 0.9978 to 1.0353 for h (some shelled animals such as pteropods can have much larger g and h). However, to fit the acoustic data, g and h beyond these ranges have also been used (Holliday and Pieper, 1980; Wiebe et al., 1997) . Given the complex compositions of animals and very different environmental conditions and because of the unavailability of the direct measurements of g and h were not available, those choices of g and h are not unreasonable and have been used to interpret the acoustic data. However, in particular model/data comparisons, the values used in the model may not necessarily reflect the actual values appropriate to the data, and could cause substantial errors in estimating zooplankton biomass and spatial distribution.
A more systematic analysis can illustrate how significant the impacts are on the estimated target strength if g and h vary within a reasonable range. For weak scatterers (an appropriate assumption for the majority of zooplankton species), it can be shown that the differential backscattering cross section is proportional to the square of the sum of the deviations of sound speed and density contrasts from unity (Chu and Ye, 1999) :
where, h=h 1 and g=g 1. Assuming the true g and h values for an animal are g 0 and h 0 , respectively, changing g and/or h by a small amount in either direction can have a profound impact on the estimated target strength (Fig. 1) . A significant influence of the material properties on the target strength is illustrated using two different g 0 and h 0 pairs considered as being representative for euphausids and copepods ( Fig. 1a and  b) , respectively. It is clear that for both types of animals, a few percentage change in g and h would result in as much as 20 dB error in estimating target strength, corresponding to a 100-fold uncertainty in abundance and/or biomass estimates. Obviously, due to the uncertainties in g and h, potential errors in estimating the abundance and/or biomass are currently unavoidable. The methods of Figure 1 . Isolines of the bias in target strength estimate (dB) as a function of density and sound speed contrasts, g and h based on the distorted wave Born approximation (DWBA). Two pairs of g 0 and h 0 are the actual density and sound contrasts of the zooplankton, any other combinations of g and h will result in bias in target strength estimate except those on the zero contour line.
measuring the physical properties of density of and sound speed in zooplankton in situ are extremely demanding, and new techniques are required.
Methods

Sound speed contrast
Due to the complex shapes and small sizes of zooplankton, it is not practical to measure the sound speed contrast of zooplankton directly. The method used by various investigators is to measure the sound speed or sound speed contrast in a mixture of zooplankton and seawater (Greenlaw, 1977; Kogeler et al., 1987; Foote, 1990b; Foote et al., 1996) . To illustrate this, let us consider a simple quasi-1D problem. A plane incident wave e ikz , where k is the wavenumber and z is the range, propagates through a slab composed of a cloud of scatterers (Fig. 2a) . At position z, the arrival time, or the time of flight, with and without the presence of the scatterers are different because of the different acoustic properties of the seawater and the scatterers. For weak scatterers such as zooplankton, the sound speed contrast h is close to unity and can be written as:
where c z and c are sound speeds in zooplankton and seawater, respectively. h=h 1m1 and c z =c z c. To infer the sound speed contrast from the measurable arrival time and the corresponding volume fraction, (the ratio of the volume of the inhomogeneities to the total volume of the mixture), three theoretical models are used here: (i) two-phase ray model; (ii) compressibility model; and (iii) distorted wave Born approximation (DWBA) model.
Two-phase ray model (time average)
For an acoustic wavelength much shorter than the characteristic dimension of the inhomogeneities, the time average model (Wyllie et al., 1958; Telford, 1984) can be used to infer the sound speed in the inhomogeneities. The method is based on the ray concept and is more applicable to a two-phase mixture. The sound speed and the volume fraction are linked by:
where c m and c z is the sound speed in the mixture, respectively. The volume fraction, , is defined as the ratio of the volume of the zooplankton (V z ) to that of the total seawater-zooplankton mixture (V m =V w +V z , where V w is the volume of water), Defining a sound speed contrast of the mixture as h m =c m /c, Equation (3) where the subscript TA stands for time average.
For a geometry in which the total distance between the transmitter and receiver is L and the thickness of the animal layer is D (Fig. 2b) , the travel time when animals are present is t m =D/c m +(L D)/c. The sound speed difference can be expressed in terms of the measurable travel time difference as: where c m =c m c and t D =D/c is the travel time required for an acoustic wave travelling over a distance of D (the thickness of the animal layer) without the presence of animals. Substituting Equation (7) into quation (6) leads to: For negative t m , representing a faster sound speed in zooplankton, the denominator is less than unity and h TA is greater than unity. For positive t m , the sound speed contrast h TA will be less than unity.
Compressibility model (Wood's equation)
The Wood's equation is based on the assumption of additivity of compressibility (Urick, 1947): where m , z and are densities of the mixture, zooplankton, and water, respectively. Solving Equation (9) for h S 
where subscript WE stands for Wood's equation and g m = m / and g= z / are the density contrasts of the mixture and the zooplankton, respectively. Note that Equation (10) depends not only on the sound speed contrast, but also on the density contrast of the zooplankton.
DWBA model (scattering theory)
The scattering theory is based on the dispersion relation derived from a quasi-1D problem of a plane wave propagating through a cloud of scatterers ( Fig. 2a) given by Lax (1951) :
where k m and k are wave numbers in the mixture and water, respectively, f scat (k < i ,k < i ), the scattering amplitude in the forward direction, and n, the number of animals (scatterers) per unit volume. For weak scatterers, 4 f scat (k < i ,k < i )mk 2 , Equation (12) reduces to (Ishimaru, 1978) :
The DWBA expression of the scattering amplitude in the forward direction f scat (k < i ,k < i ) is found to be (Chu and Ye, 1999): where V is the volume of the individual scatterer. Substituting the above equation into Equation (13), we have:
where is the volume fraction of the animal. By defining k m =k m k and c m =c m c, we find:
Combining Equations (15), (16) and using (7), we obtain the relation between the desired sound speed contrast h and the measured t m and :
Obviously, if the sound speed in zooplankton is faster than that in the water, the travel time difference involving the mixture t m will be negative and the sound speed contrast h will be greater than unity. In contrast, h will be less than unity if the sound speed in zooplankton is slower than that in the water.
Volume fraction
In order to use these models to determine the sound speed contrast of zooplankton, the volume fraction must first be determined. The challenge in measuring the volume of zooplankton arises from the difficulty in separating zooplankton from the water attached to their bodies. The measurement of displacement volume has been used by various investigators as a convenient method to determine zooplankton volume (Wiebe, 1975) . For small organisms such as copepods, interstitial water content (i.e. water trapped between the bodies of the animals) may cause significant errors when measuring the displacement volume. A method of computing the zooplankton volume based on 2D videotaped and digitized images was proposed by Foote et al. (1996) . To compute the volume from a 2D image, they assumed the symmetry about the longitudinal axis of the animal. It is quite possible that such an approach will inevitably introduce some error which could easily exceed a few percentage or more. Most importantly, both methods involve direct measurements and are almost impossible to be used for in situ measurement of animal volume.
One of the indirect methods that can be used to determine the volume fraction is the resistivity (conductivity) method, which is widely used in geophysical applications to estimate the porosity of the sediment (Winsauer, 1952; Evans, 1992) . Owing to the fact that the resistivity of sediment and water are different, different volume fractions of water-animal mixture should result in different resistivity readings. In practice, instead of determining the absolute resistivity, a relative and measurable quantity, the formation factor, F, is used to describe the relation between the volume fractions and the relative resistance readings:
where p is the porosity, R m and R w are resistances of water-animal mixture and water only, respectively. Strictly speaking, the formation factor is a function of volume fraction, geometric shape, and orientation of the particles of sediment grains, and the ratio of the resistivity of water to that of sediment. However, for saturated or unsaturated sediments with a low or moderate porosity, the sediment can be approximately described as homogeneous and isotropic media. In addition, since the sediment is considered nonconductive, the formation factor can be approximately modelled as independent of the shape and orientation of the sediment particles, as well as the resistivity ratio. Extensive research has been carried out to model the formation factor in terms of the porosity of the sediments, i.e. the volume fraction of water (Archie, 1942; Winsauer et al., 1952; Jackson, 1978; Schopper, 1967; Mualem, 1991; Evans, 1992) . The models are either empirical or theoretical.
All these models have been used to determine the porosity of the saturated and unsaturated sediments by measuring the formation factor given in Equation (18). In our current application, it is more convenient to work with volume fraction rather than porosity. The reciprocal relation between the porosity ( p ) and the volume fraction ( ) is simply:
Since the shapes of zooplankton are very complicated and the resistivity of the zooplankton is essentially unknown, finding the exact relations between the formation factor and the geometric and physical properties of the zooplankton is extremely difficult. A simple and convenient way is to use an empirical approach. One of the empirical models widely used is the power law proposed by Archie (1942) and extended by Winsauer et al. (1952) :
where constants a and m can be determined empirically.
Density contrast
The density of zooplankton can be measured directly or indirectly. Direct measurements involve placing the animals either in a density-gradient fluid (LinderstromLang, 1937; Linderstrom-Lang et al., 1938; Kogeler et al., 1987) or in a series of density bottles (Greenlaw, 1977) . The indirect measurements primarily involves two approaches. One is by measuring the weight and volume of water displaced by the animals, and then computing the density of the objects (Lowndes, 1942; Wiebe et al., 1975) . The other is based on measuring the sinking rate of the objects (Gross and Raymont, 1942; Salzen, 1956 ). However, all of the above approaches have to be done in the laboratory and require handling of the animals. To infer the density contrast in situ, we use an indirect approach by measuring the change (reduction) of the acoustic intensity due to animals in the acoustic path. The intensity reduction results from the scatteringinduced attenuation which is a function of the density contrast g, sound speed contrast h and volume fraction, , as well as geometric parameters of the animals. Since the sound speed contrast and the volume fraction of the animals can be obtained using the methods described previously II.1 and II.2, it is possible to infer g from intensity measurements in the forward direction. The method of using measuring the forward scattering intensity to extract information about scatterers has been previously used by many investigators on different types of scatterers. Foote et al. (1992) , and Furusawa et al. (1992) studied the extinction cross section of fish empirically, while Ye (1996) provided a detailed description of the forward scattering due to the fish swimbladder, a pressure release boundary condition. Sheng and Hay (1988) and Thorne et al. (1991) studied the scattering by suspended sediments by using a rigid movable sphere model in predicting the sound attenuation (extinction) due to the suspended sand particles. For the current problem involving zooplankton, a weakly scattering scenario and a fluid boundary condition will be considered. Let I s and I o denote the intensities at the receiver (Fig. 2b) with and without the presence of animals, respectively, the ratio of the two intensities, a measurable quantity, can be expressed as: with =n 0 i n (p) e (p)dp,
where n is the probability density function (PDF) of number density, with n 0 being the total number of animals in a unit volume and n 0` ` n (p)dp=1. The parameter p refers to the properties of the aggregated scatterers, e is the extinction cross section of the individual organism which, by the forward scattering theorem or optical theorem, can be expressed as (Ishimaru, 1978) :
is the scattering amplitude in the forward direction and parameter p is implicitly included in the scattering function f scat (k
For an arbitrarilyshaped weakly scattering marine organism, a simple way of computing the scattering amplitude is to use the DWBA Stanton et al., 1998b) . However, it has been shown that due to the inherent deficiency of the DWBA, a direct application of the DWBA to the current problem will fail since it predicts a zero imaginary part of the scattering in the forward direction and causes a vanishing extinction cross section. To overcome this shortcoming of the DWBA, a heuristic phase-compensated DWBA model has been developed to include the scattering-induced attenuation by introducing a phasor term (Chu and Ye, 1999) and can be expressed in a general form:
where f DWBA scat ( s ) is the scattering amplitude obtained using DWBA, and ( s ) is the phase compensation (Equation (22) Chu and Ye, 1999 for a prolate spheroid).
Using Equations (21)- (24), a least-square (LSQ) criterion can be used to obtain the optimized density contrast g and the characteristic size s (for spherical objects, s could be the mean radius) of the animals. Since the system is broad band, the LSQ can be performed over the bandwidth (BW) of the received signal:
where r I and r I are theoretical predictions and measured data, respectively. s and g are the characteristic size and the density contrast of zooplankton, respectively. The integral is performed over the usable frequency band (f). Minimizing Q(g,s) with respect to the density contrast g and size parameter s, we can obtain the estimated ĝ and ŝ based on the best fit. In actual computations, it is much easier to work with a mean extinction cross section 〈 e (p)〉= n (p) e (p)dp.
This way, we only need to invert the mean size of the animals instead of the size distribution of the animals. In other words, we use a uniform PDF to approximate the actual size distribution.
Experiment Experiment setup
In order to measure the material properties of zooplankton using the equations described above, an experimental system has been developed. The system consists of the mechanical apparatus, an acoustic pulse-echo system, and a resistivity measuring device (Fig. 3) .
The mechanical apparatus includes two major parts: an acoustic chamber and a pressure vessel which allows the experiments to be conducted under pressure (Fig. 4) . The core component of the mechanical apparatus is the acoustic chamber. The animals are confined in the animal compartment by two thin rubber sheets (natural latex sheeting with a thickness of 0.04 mm) in the direction perpendicular to the axis of the chamber. The width of the compartment in the direction of the acoustic path (parallel to the axis of the acoustic chamber) is 2 cm. The distance between one sheet to the transmitter (left) is 9.7 cm, while the distance between the other sheet and the receiver (right) is 2.6 cm (Fig.  4a) . Two electrodes used for resistivity measurements are mounted on the front and back sides (not shown in Fig. 4a , since they would block the view of the animals) of the animal compartment, facing each other. There are two threaded holes, on the top and bottom of the animal compartment facing each other, which allow animals to be inserted and released. These two holes are sealed with two plastic pipe screws to retain the animals after they are inserted into the compartment. Two broadband transducers (350-650 kHz, Materials Systems, Inc.) are mounted on the ends of the acoustic chamber. All wires are water proofed and external connections are made through a connector mounted on the pressure vessel. Holes in the walls of the acoustic chamber are used to release any bubbles that might be generated during the placement of the chamber in the experimental tank and the pressure vessel.
The density variation due to pressure change has to be measured separately, since the current apparatus cannot simultaneously measure the sound speed and density contrasts under pressure. To measure the density at different pressure, a flask mounted on a holding device can be placed at the same height of the viewing window (Fig. 4b) . A light source is provided through the illumination window to allow the observer to see the fluid level in the flask and read the marks on the flask. To measure the density change under pressure, the mixture of animal and water is first poured into the flask and then food oil is added into the flask, forming a distinctly visible interface between oil and the seawater until the flask is full. The flask is then covered with a membrane (para film) to seal the flask, but still allow the pressure to be exerted on the mixture. After filling the pressure vessel with water and putting the cap on, the interface level can be observed through the viewing window and recorded before and after pressure is applied.
The Pulser/Receiver system (Panametrics, Inc., Model 5800PR) is capable of transmitting and receiving acoustic signals either in a bistatic (transmission) or a monostatic (backscattering) configuration. It transmits an impulse with a bandwidth of 35 MHz. The analog output from the Pulser/Receiver is then digitized with a digital scope (LeCroy Corp., Model 9310C), coherently averaged and then stored on a floppy disk for later data processing. Resistivity readings can be simply obtained from a digital multimeter.
Measurements
A total of 23 live decapods (Palaemonetes vulgaris), with a mean length of 24 mm and mean width of 4.5 mm, were used in the experiment conducted on 22 January 1999. The acoustic properties of the animals resemble those of fluids (Chu et al., 1992; Stanton et al., 1993 Stanton et al., , 1998b . The acoustic chamber was placed in a 25 gallon tank (aquarium) where the acoustical measurements were performed. Since the resistivity and sound speed in water are sensitive to temperature, the experiment was performed in a cold room where the temperature was set at 4 C (there was 0.5 C variation in temperature due to people entering and leaving the room during the experiment). The filtered sea water was kept in the cold room for more than 12 h and its temperature was 5.2 C. Although it had not yet equilibrated with the room temperature, the temperature variation in the tank was within 0.3 C during our experiment.
It was very important to make sure that bubbles were not present during the entire experiment. To ensure this, the acoustic chamber was put in the tank overnight so that its temperature became the same as the surrounding water to prevent bubbles from being generated. To ensure that bubbles were not present, the transducers were pulled and pushed back and forth in the chamber several times to force the air bubbles out of the holes after the equilibration period. A squirt bottle filled fully with water (no air) was used to expel the bubbles by injecting water into the animal compartment.
The 23 live shrimp were divided into five groups. For each group, the animals were dried carefully by using paper towels and cold (natural) blowing air generated from a heat gun. The weight of the animals was quickly measured on a micro-balance to 0.1 mg. Then they were placed into a volumetric cylinder and their displacement volume was measured to 0.1 ml. The mean density of each group was then calculated by using measured weight and the displacement volume. The total mean density was obtained using the total measured weight and volume (sums of all five groups). After the volume and density measurement, the animals were kept alive in separate containers in an aquarium for at least 20 min to allow the temperature of the animals to become the same as that of the surrounding sea water. During the experiment, the animals were inserted into the animal chamber one group at a time to allow acoustic and resistivity measurements at several different volume fractions.
For each volume fraction, the acoustic and resistivity measurements were made. For the acoustic measurements, an impulse 35 MHz bandwidth was transmitted and the received signal (bistatic mode) were coherently averaged over 1000 pings and then the multimeter reading for the resistivity measurement was recorded. The readings were quite stable with less than 1% variation.
To study the variation of sound speed due to pressure change, the acoustic and resistivity measurements were made when the acoustic chamber was placed in the pressure vessel. After all animals were placed in the animal compartment, the acoustic chamber, which was kept submerged in the water to avoid the formation of air bubbles, had a plastic bag slipped around it and filled with water. Then, the bagged chamber was carefully inserted into the pressure vessel. Waveforms and resistivity readings were recorded before and after applying a pressure up to about 350 dbar (500 psi). All 23 animals were alive after the completion of the acoustic and resistivity measurements under pressure.
To measure the density variation due to pressure change, we put 10 ml of the animal and water mixture, with an animal volume fraction of 38.5%, into the flask and recorded the levels of the water-oil interface before and after pressure was added to about 350 dbar (same as for the acoustic and resistivity measurements).
Results and discussion
The volume fraction had a significant effect on the arrival time of the transmitted signal. For the volume fractions 0, 19% and 40%, the corresponding waveforms had different arrival times, i.e., a shift of waveform horizontally (Fig. 5) . The larger the volume fraction, the earlier the wave arrived, indicating a faster medium (c m >c, where c and c m are the sound speed in the pure seawater and in the animal/seawater mixture, respectively). Furthermore, there was a strong decrease in the amplitude of the signal with increasing volume fraction, resulting from the scattering induced attenuation. The waveform, however, was essentially unchanged implying that the dispersion was insignificant (Fig. 5) . The signalto-noise ratio (SNR) was very large, indicating a very high level of data quality.
Since the real arrival time is very hard to determine due to the finite bandwidth of the transducers, a relative arrival time was obtained by finding the zero crossing of the curve since dy(t)/dt is maximum at zero crossings where y(t) is the received time series. Seven zero crossings were chosen for each waveform corresponding to a certain volume fraction. Thee reference arrival times were plotted against the volume fractions and were characterized by seven straight lines which result from linear regressions on the corresponding data (Fig. 6) . The linear regression curves describe the relation between reference arrival time and volume fractions very well. The slopes for all seven lines are quite consistent, with a standard deviation of 8.7 10 4 . The sound speed contrasts as a function of volume fraction were computed using the three models described in Equations (6), (10) and (17) (Fig. 7) . To compute the sound speed contrast with Equation (10), we used the obtained density contrast g=1.043. The density was measured by measuring the displacement volume and weight (Wiebe et al., 1975) . It is not surprising that h computed from the DWBA model agrees with that computed from the two-phase ray model (TPRM), since by expanding Equation (6) for a small t m , we obtain the same result as in Equation (17). Since the assumption of additivity of compressibility is valid only for low frequency applications, i.e. the wavelength is larger relative to the characteristic dimension of the scatterer (Ye and McClatchie, 1998) , the volume fraction dependence of sound speed contrast indicated possible errors in using the compressibility model (CM) for the current application. For the animals used in the experiment, the equivalent spherical radius of the organisms was a eq =3.54 mm and at a frequency of 500 kHz, the wave length is 3 mm, which is comparable to the a eq . This may invalidate the assumptions upon which the Wood's equation is based. Despite the potential errors in determining the sound speed contrast by the compressibility model, the variation in inferred h was relatively small and the agreement among the three methods was still reasonably good when compared to the mean values given in the legend of Figure 7 . The volume fractions used in Figures 5-7 were obtained from the direct measurements of displacement volume. However, to infer sound speed contrast in situ, the volume fraction from direct measurement would not be available. To explore the feasibility of determining the volume fraction of the animals in the compartment indirectly, the resistivity method discussed above was used in our experiment. Three independent measurements (different animals but the same species) of the formation factor versus volume fraction were made at three different temperatures (Fig. 8) . The formation factor at 5.2 C corresponded to the experimental data presented in Figures 5-7 . The thick solid curve was computed based on the Winsauer's formula, where the strength parameter a and power m were 1 and 1.2, respectively. Since a=1, Winsauer's formula reduced to Archie's formula (Archie, 1942) . The theoretical curve based on the Winsauer's model fitted all three data sets reasonably well for <35% (Fig. 8) . Although the resistivity is very sensitive to the temperature, by using a normalized quantity, F, the temperature dependence has been greatly reduced, if not been removed.
Using the approximate theoretical formation factor to infer volume fraction will inevitably introduce errors. To investigate how these errors affect the sound speed estimates, we repeated the procedures in obtaining Figures 6 and 7 with the actual volume fraction replaced by the inferred from the theoretical resistivity formation factor given in Figure 8 .
Three volume fractions used in deriving the sound speed contrast were: measured volume fraction , inferred volume fraction from formation factor , and inferred truncated volume fraction with <40%; the three models were TPRM, CM, and DWBA, respectively. The errors introduced by using the volume fractions inferred from resistivity measurements were about 1.5% (Fig. 9) . However, using truncated volume fractions inferred from resistivity measurements reduces the error by 50%. This is an encouraging result, since by using the resistivity method, we can avoid any direct handling of animals involvement in measuring and inferring sound speed in the zooplankton. Inferred Φ tr Measured Φ Inferred Φ Figure 9 . Inferred sound speed contrast, h, using different models: TPRM, CM and DWBA, and using three volume fractions: truncated inferred volume fraction ( tr ) for <40%, directly measured volume fraction, and inferred volume fraction from resistivity measurement including all measurements.
Having obtained estimates of the sound speed contrast h, the density contrast can be determined with the help of attenuation measurements. Applying Equations (21)- (25), the density and average size of the organisms can be determined. In our computations, a prolate spheroid scattering model was chosen to describe the elongated objects. To apply the model to the current problem, i.e., to estimate density contrast in the forward scattering configuration, a modification of the model given in Chu and Ye, 1999 was needed (Appendix A). The modified model took into account the effect of reflections from the wall of the acoustic chamber. In using Equation (25), the frequency range was from 409 kHz to 564 kHz (6 dB bandwidth), the semi-minor axis varied from 1 mm to 5 mm, the aspect ratio from 3 to 9, and the density contrast g from 1.01 to 1.1. The estimated â, ê and ĝ from the least-square fit were 2.80 mm, 3.50 and 1.019, respectively. Compared to the measured a=2.76 mm, e=3.27, and g=1.043, the estimated errors were less than 1.5%, 7.1%, and 2.4%, respectively. In determining the size parameters and the density contrast, we did not use any floating parameters. The resultant estimated total volume of the animals was then: Prolate spheroid targets were used for modelling. For modelling parameters, sound speed contrast, h, was previously determined from travel time measurements. Semi-minor axis, a, aspect ratio, e, and density contrast, g, are determined by least-square-fit of the phase-compensated DWBA to the measured data (time series). â, ê, and ĝ inferred from the best fit are 2.8 mm, 3.5 and 1.019, respectively as compared with measured 2.76 mm, 3.27, and 1.043, respectively.
Compared with the total measured volume, 6.0 cm 3 , the estimate error was less than 30%. It is understandable that an underestimated density contrast has to be compensated by an overestimated scattering volume. In performing the non-linear optimization of Equation (25), further analysis indicates that the optimization is more sensitive to the size parameters than the density contrast. Systematic evaluation of the robustness of the optimization was not performed due to the limited amount of data sets. Since the model was only an approximate one and measuring errors were inevitable, the model-based inference of the density contrast may not be accurate. However, because of the fact that the forward scattering for weakly scattering scatterers is essentially proportional to the total volume of the scatterers, the forward scattering measurements are expected to be more stable than backscattering measurements. As a result, the inverted scattering parameters are believed to be reasonable. It should be pointed out that in this study, we only used PC-DWBA model because of its simplicity. Other models, such as deformed cylinder model (DCM) (Stanton, 1989; Ye et al., 1997) may also be used in the optimization.
Comparisons of relative intensity versus volume fraction at different frequencies was made between model predictions and the data by incorporating the estimated parameters (Fig. 10) . The agreement within the frequency band from 409 to 564 kHz was quite good. Although the estimated errors became larger outside this frequency band, the agreement could still be considered reasonable given the complexity of the problem.
The effect of pressure on the material properties of these shrimp was evident in two normalized waveforms at different pressures (Fig. 11) . The waveform at 350 dbar was shifted towards the right to compensate for the sound speed increase of pure seawater due to pressure change. The relative change in sound speed contrast due to pressure can be shown to have a form of (Equation (B7), Appendix B):
where (L D/L)= t m 0 p L D/L t 0 p is the effective time difference of sound propagating through the mixture at pressures of 0 dbar and 350 dbar. L and D are the total length of the acoustic chamber and the width of the animal compartment, respectively. is the volume fraction of the animals in the compartment. Inserting the measured parameters into Equation (28) and using the computed sound speed in water c with the measured salinity, 31.81 ppt and temperature, 5.4 C (Fofonoll and Millard, 1983) , we have obtained h 0 p =0.02. Although this is very small change, only about 2%, the resultant target strength deviation could be a few dB. However, if this same amount of h 0 p is for copepods, which are weaker scatterers, the target strength deviation could be as much as 20 dB, a factor of 100 in biomass estimate.
As for density contrast measurement under pressure, when applying pressure to the animals as described above, a slight volume reduction, 0.025 ml, was observed in a 10 ml mixture at pressure of about 350 dbar (500 psi). The net volume of the animals in the mixture was 3.85 ml. The volume reduction of pure seawater due to pressure was about 0.01 ml, or about 0.15% (Fofonoff and Millard, 1983) . The net animal volume reduction was 0.015 ml, or about 0.4%. As in the sound speed case, although the variation was small, it could affect the target strength of a weaker scatterer significantly (Fig. 1) .
Conclusions
Here the importance of the material properties to acoustic scattering by weakly scattering zooplankton (decapod shrimp) has been investigated. It is shown that since the sound speed and density contrasts of the zooplankton are very close to unity, a few percent change in h and g could result in as much as 20 dB deviation in target strength estimates.
A new laboratory device capable of inferring sound speed and density contrasts of zooplankton has been developed. It measures the travel time and the resistivity, as well as the scattering induced attenuation. The volume fraction of the animal can be obtained with resistivity measurement, which is necessary to infer sound speed contrast. It was found that if the volume fraction of the zooplankton was kept below 35%, the relative error of sound speed estimate caused by using inferred volume fraction was about 0.005. The inferred density Figure 11 . Received waveforms at different pressures. The increment of the sound speed in water due to pressure increment had been taken into account and removed. The resultant net increment of the sound speed contrast was about 2.0%.
agreed with the measured density reasonably well; less than a 2.4% difference. This new device has a potential for in situ application to infer the material properties of the zooplankton.
Variability of the material properties due to changes in pressure was also investigated. It was found that the density contrast increases only slightly, about 0.4% with pressure increasing from zero to 350 dbar (500 psi), while sound speed contrast increased by as much as 2%, five times larger than the variation in density contrast.
where subscripts 0 and p stand for at pressure 0 and p, respectively. Since t 0 =L/c 0 and t p =L/c p are travel times at pressure 0 and p without animal present, we obtain:
with In addition, where h m 0 being the sound speed contrast of the mixture to the surrounding seawater at pressure 0 dbar, while h m p being at pressure p. The last step comes from Equation (17). Substituting Equation (B6) into Equation (B4) and rearraging it, we obtain the final result:
where we have ignored the change in volume concentration due to pressure. Note that t m 0 p and t 0 p in the equation are two directly measurable quantities. Since sound speed in water at atmosphere, c 0 , the width of the animal compartment D, total length of the acoustic chamber L, and the animal volume concentration, are known, the change in sound speed contrast due to pressure change can be determined by Equation (B7).
